Granulysin and NK-lysin are two similar 9-kDa cationic proteins produced by human and pig cytolytic lymphocytes, respectively (4, 27) . They have a broad spectrum of activity and lyse a variety of bacterial, fungal, and tumor cells (4, 5, 7, 33) . Both proteins are activated/synthesized upon antigen and cytokine stimulation and are stored in granules (4, 19, 37) . Their most important function may be that of killing intracellular pathogens, including Mycobacterium tuberculosis (33) , the pathogen responsible for human tuberculosis.
Granulysin and NK-lysin are members of the saposin-like protein family SAPLIP (3) . The members of this family share several structural properties, including six similarly located cysteines forming three disulfide bridges with the same cysteine pairings (3) . The structural homology and the conserved disulfide bridges suggest a common fold, called a saposin fold, for all SAPLIPs. The protein structure has been established for NK-lysin and granulysin (2, 22) . Both granulysin and NK-lysin consist of a precise fold, comprising five ␣-helices, spaced by three loops in the protein molecule. In previous work, we have shown that shorter peptide fragments or loop peptides derived from granulysin and NK-lysin have similar activities against M. tuberculosis to those of their parent molecules (7) . Other groups have confirmed this and, likewise, determined this region to be the antibacterial and membranolytic domain of granulysin and NK-lysin (6, 16, 36) . These granulysin and NKlysin fragments span the second and third ␣-helices of their parent proteins, which define a helix-loop-helix motif (NKlysin amino acids [aa] 34 to 55). This domain is believed to be of importance in initial membrane docking and subsequent membrane-disturbing activities (2, 22, 24) .
The genus Mycobacterium comprises an ample variety of species with a worldwide distribution that are of medically, veterinary, and environmental importance. Some of these have a wide host spectrum (e.g., Mycobacterium bovis), while others (e.g., Mycobacterium tuberculosis) principally encompass one natural host. Comparative genomic analyses have shown that organisms belonging to the M. tuberculosis complex (M. tuberculosis, M. africanum, M. canettii, M. microti, and M. bovis) have evolved from a progenitor of the present M. tuberculosis organism and adapted to new hosts (11) .
Even though there are striking variations in environmental adaptation, there are indeed many parallels between certain pathogenic mycobacteria. Mycobacterium marinum, the phylogenetically closest relative to M. tuberculosis, is a natural pathogen of ectotherms, including fish and amphibians, that occasionally gives rise to infections in humans described as "fish tank granuloma." The granulomas caused by an M. marinum dermal infection are similar to those caused by M. tuberculosis in the lungs of humans (32) . The pathogenic mechanisms of infection by M. marinum and M. tuberculosis are clearly analogous, as are the host immune response against these two organisms.
Over the years, or rather millennia, the parasite-host relationship has changed as environmental changes have taken place. Peptide-mediated defense is an evolutionarily old mechanism of fighting bacteria; therefore, it is likely that different species have evolved similar molecules to fight mycobacterial infections. Granulysin and NK-lysin are principal antibacterial peptides in cytolytic cells, and cell-mediated immunity is an important arm of protection against tuberculosis. It has been shown that granulysin, which is produced by cytolytic T cells (CTLs) or V␥9/V␦2 T cells, in synergy with perforin can kill the intracellular tubercle bacillus M. tuberculosis without simultaneous destruction of macrophages (13, 33) .
Using the rapidly growing species Mycobacterium smegmatis and M. marinum, we examined if an identified sequence from activated chicken splenocytes (35) that resembles granulysin and NK-lysin would also possess antimycobacterial activity. We suggest that nature has conserved the antimycobacterial threedimensional (3-D) structure and function in the granulysin/ NK-lysin family of peptides rather than residue identity.
washed and filtered with a 5-m Millipore filter to prevent clumping before being diluted 1:1,000 to obtain 10 5 to 10 6 CFU/ml. Standard colony count assay. Gram-positive and gram-negative bacteria were grown in LB broth until the OD 600 reached 0.6. Various concentrations of peptides with 90 l of 10 7 bacteria/ml were incubated in clear flat-bottomed 96-well polystyrene plates (Falcon, Becton-Dickinson, France) at 37°C for 3 h. After incubation, the bacteria were placed on ice. Tenfold dilutions were prepared and plated on LB agar plates. CFU were counted after overnight incubation at 37°C. The peptide activity in minimal medium was determined by culturing bacteria as described previously. The bacteria were then incubated with peptides in a 1:100 dilution of LB-sodium phosphate at pH 7.4 for 3 h before CFU determination.
Antimycobacterial activity was assessed by CFU determination using M. marinum. Mycobacterial test suspensions were obtained as described above. Ten microliters of each peptide test solution was added in duplicate to each test well containing bacteria in a polystyrene 96-well flat-bottomed microtiter plate to reach a final volume of 100 l, and the plate was incubated at 30°C for 4 days. After incubation, serial dilutions were plated in duplicate on Middlebrook 7H11 agar plates containing oleic acid-albumin-dextrose-catalase. The plates were incubated at 30°C, and CFU were determined after 5 days.
Inhibition-zone assay. An inhibition-zone assay in thin agarose plates (1 mm) was used to determine the antibacterial activities of gram-positive and -negative bacteria (18) . The test plates were incubated at 30°C overnight. The inhibition zones were recorded, and lethal concentrations were calculated from the zones observed for serial dilutions of peptide.
Cytotoxicity assays. Cytotoxicity assays with the human U937 monocyte cell line were performed with a CytoTox96 assay kit (Promega, WI), which quantitatively measures lactate dehydrogenase release upon cell lysis. The cells were grown in RPMI 1640 culture medium (Sigma-Aldrich, Germany) supplemented with 10% heat-inactivated fetal calf serum (Sigma-Aldrich) and penicillin-streptomycin solution (Sigma-Aldrich). The cells were adjusted to 2 ϫ 10 4 /ml in a final volume of 100 l in clear-bottomed 96-well polystyrene plates (Falcon, BectonDickinson, France). Monocytes were differentiated using phorbol myristate acetate (PMA) at a final concentration of 100 nM and incubated at 37°C for 3 days. The cells were washed, and 90 l of medium plus 10 l of peptide solution was added to each test well, giving final concentrations of 50 to 200 g/ml. The plate was incubated at 37°C in 5% CO 2 for 4 h. Due to the experimental setup, the serum concentration was reduced to 2% to minimize the background absorbance of endogenous lactate dehydrogenase in calf serum when performing the assay. Preparations of primary monocytes/macrophages were performed as follows. Buffy coats were obtained from healthy volunteers at the Karolinska University Hospital Huddinge, Stockholm, Sweden. Peripheral blood mononuclear cells were obtained through Ficoll (Lymphoprep; Axis-Shield, Oslo, Norway) centrifugation of buffy coat blood, and monocytes were thereafter prepared from peripheral blood mononuclear cells by using a RosetteSep kit (StemCell Technologies) according to the manufacturer's instructions. Primary macrophages were differentiated from blood monocytes through culturing for 7 to 10 days in cell culture medium (RPMI; 1% sodium pyruvate, 1% HEPES buffer, 1% glutamine, and 1% streptomycin; all from GIBCO, Invitrogen) supplemented with 20% human AB serum. Monocytes or macrophages were seeded at a concentration of 2 ϫ 10 4 cells/well in semitransparent polystyrene 96-well plates (Corning LabDesign, Sweden). The indicated concentrations of antimicrobial peptides were incubated with the cells for 4 h at 37°C in the presence of RPMI plus 2% fetal calf serum. Cytotoxicity was measured with CytoTox-ONE (Promega, WI) according to the manufacturer's instructions. The viability of cells was established by staining with trypan blue (Sigma Chemical, MO) and counting of live cells.
RESULTS
Similarities among granulysin/NK-lysin peptides. Although granulysin and NK-lysin differ in their amino acid compositions (35% identity), their structural elements (basic residues and saposin fold) have been preserved. This low amino acid identity was also noted for what has been determined to be the antimycobacterial domain (GRANF2 and NKLF2) ( Table 1) . The deduced chicken NK-lysin sequence (GenBank accession no. AI980505) shows 35% identity to NK-lysin and maintains one proline and six cysteine residues, which are a hallmark of the saposin family (3). When a chicken NK-lysin fragment, cNKLF2, was aligned with the corresponding granulysin/NKlysin loop peptides (Table 1) , a similar spacing of basic residues was maintained, suggesting an amphipathic structure. The basic residues in GRANF2 are arginines, while lysines are predominant in the N-terminal part of NKLF2 and the C-terminal end of cNKLF2. Overall, the "hydrophobic moment" of cNKLF2 is very similar to that of GRANF2, while the NKLF2 peptide is clearly more hydrophobic (Fig. 1) . The hydrophobic moments of the bovine and equine homologous peptides resemble that of NKLF2 (not shown). The solution conformations of the peptides were examined by CD analysis in both aqueous and organic solvent environments. In water, CD spectra of GRANF2 and cNKLF2 displayed large minima at 203 nm, indicating a high degree of aperiodic conformation (Fig.  2) . Both peptides adopted a typical ␣-helical conformation with increasing trifluoroethanol (TFE) concentrations. The calculated ␣-helical contents of GRANF2 and cNKLF2 in 25% TFE solution (36% and 75%, respectively) fit well with the values derived from the nuclear magnetic resonance (NMR) structure (22) and suggest that cNKLF2 has a more extended ␣-helix than GRANF2. When the granulysin and cNKLF2 fragments were placed in the NK-lysin NMR coordinates and allowed to stabilize, they adopted a secondary structure almost identical to that of NK-lysin (Fig. 3A) . The only difference noticed was an extended loop in granulysin as a result of one additional residue. The space coordinates of positively charged residues fell into defined areas (Fig. 3A, blue circles) .
We also modeled the recently characterized proteins found in other species, bovine NK-lysin (GenBank accession no. AY245799) and equine NK-lysin (AF538056) (12, 14) . Both peptides formed a secondary structure identical to that of NK-lysin, with the positively charged residues occupying the defined areas in blue shown in Fig. 3B . In this figure, we also included the structure of GRANF2:2. Likewise, the lysines in GRANF2:2 projected into the space within the blue circles (Fig. 3B) . All peptides showed similar spatial distributions of arginines and lysines (blue circles), except in the loop structure (Fig. 3C) . In this case, all peptides but equine NK-lysin formed a cluster of positively charged residues in a confined area (yellow circle).
Antimycobacterial activity. When tested against M. smegmatis, all three loop fragments in their oxidized state showed similar MIC 90 values of 7.5 to 13 M (Table 2) . Reducing the length of GRANF2 by removing the N-terminal loop structure, including one cysteine residue (GRANF3), lowered the activity almost twofold.
To test if the nature of basic residues is crucial for antimycobacterial activity, we altered the ratio of arginine to lysine residues in GRANF2 and examined its activity against M. smegmatis. This alteration did not change the position of the basic residues or the overall charge. The peptides maintained a typical ␣-helical conformation in the presence of TFE, with a higher ␣-helical content in GRANF2:1 than in GRANF2:2 (Fig. 2) . Table 2 shows that GRANF2 with all arginine residues changed to lysine (GRANF2:2) had a twofold decreased activity. We found that changing the arginine residues to lysine in the N-terminal region (GRANF2:1) moderately decreased the activity compared to that of GRANF2. Thus, the three loop peptides with intact disulfide bonds exhibit similar 3-D structures and antimycobacterial activities.
It has been noticed that an intact disulfide bond may be of importance for antibacterial activity (5). The peptides in Table  1 were thus tested in their carboxymethylated forms. As shown in Table 2 , there was no major difference in activity between the oxidized and reduced forms of GRANF2 and its modified versions. We also tested GRANF2 peptides with either an amidated C-terminal end that increased the net positive charge of the peptide or a peptide synthesized with all D-type amino acids. Both peptides were somewhat more potent (MIC 90 , 7.4 and 5.9 M, respectively) against M. smegmatis than the parent peptide GRANF2 (data not shown).
We showed earlier that GRANF2 and NKLF2 are active against M. tuberculosis. It was therefore relevant to evaluate if the antimycobacterial pattern of chicken NKLF2 would be similar to those of the human and porcine peptides against pathogenic mycobacteria. All three peptides reduced the CFU of M. marinum by 4 to 5 log (99% inhibition) after 4 days of incubation at 5 g/ml (1.7 to 2.4 M). The granulysin peptide GRANF2:2 was as potent as the native peptide GRANF2 against M. marinum. Hence, the avian and modified peptides with similar 3-D structures uphold the antimicrobial activity against pathogenic mycobacteria.
Activity against other bacteria. We also tested the various peptides against gram-positive and gram-negative bacteria. All peptides tested had high activities against Bacillus megaterium (0.3 to 3.3 M) and various activities against Escherichia coli (Table 2 ). NKLF2 was active against E. coli, while GRANF2 showed moderate activity and cNKLF2 was inactive.
The modified GRANF2 peptides lost more of the potency of their parent peptide against E. coli than that against M. smegmatis and B. megaterium. None of the peptides showed activity The effect of peptides (GRANF2, NKLF2, and cNKLF2) was also examined by a standard colony count assay in LB medium. All three homologous peptides were active (reduced the CFU Ͼ3 log) against B. megaterium at 5 M but displayed various potencies against E. coli. At 7.4 M, NKLF2 reduced viable E. coli by 2 log (99% inhibition), in contrast to GRANF2 and cNKLF2, which showed no activity against E. coli at 35 M. None of the three homologous peptides were potent against the S. aureus strain at concentrations up to 35 M. The peptide activity increased drastically in minimal medium (1:100 LB to sodium phosphate, pH 7.4), where all three peptides showed a 5-log inhibition of S. aureus growth at Ͻ5 M.
Cytotoxicity. Mycobacteria use macrophages as normal host cells in mammals. A current hypothesis suggests the site-directed release of granulysin from cytotoxic lymphocytes into infected macrophages. Hence, it was of interest to see if monocytes or macrophages were sensitive to granulysin peptides. were added to evaluate the cytolytic effects of antimycobacterial peptides (23) . Except for C(1-13)M(1-13), no peptide was toxic against U937 macrophages up to 200 g/ml (67 to 100 M, depending on the peptide) (Fig. 4C) . The U937 monocytes were sensitive to peptides in the following order of tox- (Fig. 4A ).
Since U937 monocytes represent a human lymphoma cell line, we also examined the cytolytic effect on human primary monocytes and macrophages. These two cell types were simi- larly treated with different peptides up to 200 g/ml. As shown with U937 cells, no peptide but C(1-13)M(1-13) was toxic to primary macrophages (Fig. 4D) . The primary monocytes were sensitive to C(1-13)M(1-13) and all-D GRANF2 (Fig. 4B) . A small difference in toxicity was noticed between oxidized and reduced GRANF2 at 67 M. Additionally, the shorter, 15-residue GRANF3 peptide was not toxic to differentiated U937 cells, but its cytolytic potency gradually increased against U937 monocytes up to 200 g/ml (100 M), when it lysed 100% of the cells. Neither the reduced nor oxidized forms of modified GRANF2:1 and GRANF2:2 exhibited any toxic activity against undifferentiated U937 cells (not shown). Reduced GRANF2:2 was nonlytic against primary cells (not shown).
DISCUSSION
Both granulysin and NK-lysin are bactericidal against M. tuberculosis as well as a number of other bacteria (4, 7, 33) . However, their antibacterial spectra do not overlap; one clear difference is the activities against Salmonella, where granulysin is potent and NK-lysin is inactive. The mechanism of action is not clear, but the initial contact between granulysin or NKlysin and a membrane is proposed/calculated to involve the basic residues in helix 2-3 (2, 22, 24) . This portion of granulysin and NK-lysin also retains significant antimicrobial activity, as identified by testing of synthetic fragments (7, 16, 36) . The fragments used here are based on these observations. The chicken NK-lysin preprosequence (35) is similar in length to NK-lysin/granulysin, and the postulated active peptide includes the hallmark of saposin peptides, i.e., six cysteines and one proline. Additional homologous proteins in cows and horses have been characterized, thus further expanding the peptide family (12, 14) . The bovine NK-lysin exhibits antimycobacterial activity (14) , whereas the equine NK-lysin activities remain to be determined.
Our results suggest that the 3-D structure and spatial distribution of basic amino acids are preserved in the helix 2-3 regions of granulysin/NK-lysin/cNK-lysin, although the sequence identity is not very high, at about 35%. Granulysin and NK-lysin are polymorphic in nature, with several sequence variations found in porcine (4, 10) and bovine (14) NK-lysins, whereas granulysin bears a single polymorphic site (15) . The topology similarity in antibacterial peptide families is exemplified in both the ␣-and ␤-defensins (29) . Each species expresses several defensin genes, and as a consequence this diversification generates several peptides that together encompass a broad antibacterial spectra. The granulysin/NK-lysin family, in contrast, has so far only one gene in each species, which suggests that the overall activity would be somewhat more restricted, possibly directed against bacteria relevant for CTLdependent killing. In this context, it was interesting to find that GRANF2, NKLF2, and cNKLF2 had similar activities against M. marinum and M. smegmatis but various potencies against E. coli and no activity against growing P. aeruginosa or S. aureus. We compared this to two potent antimicrobial peptides, cecropin P1 (21) and L-C(1-13)M(1-13) (9), and found that cecropin P1 was not active against mycobacteria. This indicates that a net positive charge by itself is not sufficient for activity (23) .
Both the GRANF2 and NKLF2 peptides mimic the activity of the full-length protein (7, 16, 36) , and it is reasonable to assume that cNKLF2 will also have potent antimicrobial activity. We have previously shown that a seven-residue-longer NKLF2 fragment, NKLF1, is more active against P. aeruginosa and S. aureus. We cannot exclude that the activities of cNKLF2 and cNKL will differ against certain bacteria. This may also depend on the choice of media and experimental design as well as on differences in salt sensitivity between cNKLF2 and cNKL. We noticed a clear difference in the sensitivities of S. aureus towards GRANF2, NKLF2, and cNKLF2 in dissimilar media. It is not clear whether this reflects altered ion strengths in the media or the fact that the bacteria are less metabolically active and therefore less capable of protecting themselves in minimal media. Ernst et al. showed that granulysin activity is dependent on free nitrogen groups on arginine side chains (16) . We showed here that arginine is readily exchanged with lysine, although at a cost of twofold lower activity with an all-lysine fragment (GRANF2:2) against M. smegmatis. However, this peptide reduced the growth of M. marinum as efficiently as its parent peptide. The arginine residues in the loop structure are thus important against certain bacteria (16) but are not crucial for antimycobacterial activity. The activity difference between oxidized and reduced forms of GRANF2:2 may well be related to the fragments' capacity to form a stable helix-loop-helix fold. This is illustrated with both a lowered activity of carboxymethylated GRANF2:2 and the CD profile. The fact that GRANF2 peptides made of either D-or L-type amino acids have similar activities suggests that the target is not chirally dependent. This is in line with the carpet-like bacteriolytic mechanism that was recently proposed (2, 16, 31) . Although the action of antibacterial peptides is rapid, it usually needs the time of bacterial cell division to act. This is also true for mycobacteria (23, 25) .
Whether these peptides are secreted at physiologically relevant concentrations is currently unclear. An in vitro determination of the NK-lysin content in interleukin-2-stimulated lymphocytes by an enzyme-linked immunosorbent assay (10) gives about 6 ng per 10 6 cells. With a rough calculation based on a cell size of 20 m and an estimate that granules occupy 10% of the cell volume, the NK-lysin granule concentration then reaches about 1.5 mM. If the protein is diluted 10 times during the delivery process to a target cell, we could expect concentrations around 150 M. This would be a relevant concentration for mycobacterial killing but would also put a strain on host cell toxicity. Our results in Fig. 4 suggest that granulysin may indeed have evolved in part to minimize toxicity, as the reduced peptides are clearly more cytolytic to human U937 cells. Full-length granulysin is also more toxic in its reduced form (36) .
It has been suggested that although granulysin fragments from both helixes 2 and 3 are bactericidal, only helix 3 fragments are toxic (36) . We found a low toxicity of granulysin peptides towards differentiated U937 cells as well as primary macrophages. Undifferentiated cells were more sensitive to reduced GRANF2 than to the oxidized form. Cells from two additional cancer cell lines also showed this sensitivity (8) . This observation differs from the results of Wang and colleagues, who showed a diminished cytolytic activity against Jurkat cells of a peptide, G8, in part overlapping the sequence of GRANF2, when it was reduced (36) . The reason for this is not clear, but it is possible that cell type-specific activities can occur. The shorter GRANF3 peptide with only one cysteine was also lytic against undifferentiated U937 cells but lost its toxicity against differentiated cells. This suggests that disulfide formation is more important for avoiding host cell toxicity than for improving antibacterial activity, although this was less evident in primary monocytes. The replacement of arginine residues with lysines in GRANF2:1 and GRANF2:2 diminishes the toxicity of the reduced forms against undifferentiated U937 cells, which suggests a crucial role for loop arginines in host cell cytotoxicity. The importance of charge in antibacterial peptides is well established and explains our model of "molecular electroporation" (24) . Therefore, charge compensation provides a natural way to avoid lysis by bacteria (28) and may also be a prominent factor in different eukaryotic cell susceptibilities. Studies with cationic ferritin suggest that surface charges can differ between normal and malignant cells (30) , and this may be one factor responsible for differences between U937 and differentiated U937 cells and primary monocytes. Disulfide formation, charge compensation, and vector-induced delivery are therefore natural ways of restricting self-cytotoxicity of host cells to granulysin/NK-lysin.
In summary, human cytolytic cells produce an antibacterial peptide, granulysin, which is a key player in the granule-release pathway directed toward killing intracellular mycobacteria. Homologous peptides exist in other species, e.g., pigs and chickens. Although they have moderate residue identity, their antibacterial domains have very similar 3-D architectures, spacing of important basic residues, and activities against M. marinum and M. smegmatis.
